region. This drive is mainly glutamatergic, but little is known about the neurochemical features of IRt XII premotor neurons. Prompted by the evidence that XII motoneuronal activity is controlled by both muscarinic (M) and nicotinic cholinergic inputs and that the IRt region contains cells that express choline acetyltransferase (ChAT), a marker of cholinergic neurons, we investigated whether some IRt XII premotor neurons are cholinergic. In seven rats, we applied single-cell reverse transcriptionpolymerase chain reaction to acutely dissociated IRt neurons retrogradely labeled from the XII nucleus. We found that over half (21/37) of such neurons expressed mRNA for ChAT and one-third (13/37) also had M2 receptor mRNA. In contrast, among the IRt neurons not retrogradely labeled, only 4 of 29 expressed ChAT mRNA (P Ͻ 0.0008) and only 3 of 29 expressed M2 receptor mRNA (P Ͻ 0.04). The distributions of other cholinergic receptor mRNAs (M1, M3, M4, M5, and nicotinic ␣4-subunit) did not differ between IRt XII premotor neurons and unlabeled IRt neurons. In an additional three rats with retrograde tracers injected into the XII nucleus and ChAT immunohistochemistry, 5-11% of IRt XII premotor neurons located at, and caudal to, the area postrema were ChAT positive, and 27-48% of ChAT-positive caudal IRt neurons were retrogradely labeled from the XII nucleus. Thus the pre-and postsynaptic cholinergic effects previously described in XII motoneurons may originate, at least in part, in medullary IRt neurons. inspiratory drive; muscarinic receptors; nicotinic receptors; single-cell reverse transcription-polymerase chain reaction; upper airway THE INSPIRATORY DRIVE TO HYPOGLOSSAL (XII) motoneurons originates in cells located between the ventrolateral border of the XII nucleus and nucleus ambiguus in the caudal medullary intermediate reticular (IRt) region (7, 22, 40, 71) . This drive is mainly glutamatergic (11, 58), consistent with the evidence that many IRt XII premotor neurons use glutamate as their main transmitter (61). Other than that, little is known about the neurochemical features of IRt XII premotor neurons.
THE INSPIRATORY DRIVE TO HYPOGLOSSAL (XII) motoneurons originates in cells located between the ventrolateral border of the XII nucleus and nucleus ambiguus in the caudal medullary intermediate reticular (IRt) region (7, 22, 40, 71) . This drive is mainly glutamatergic (11, 58) , consistent with the evidence that many IRt XII premotor neurons use glutamate as their main transmitter (61) . Other than that, little is known about the neurochemical features of IRt XII premotor neurons.
XII motoneurons innervate muscles of the tongue, including the genioglossus. In healthy individuals, the tongue has multiple functions related mainly to food intake and phonation. However, in obstructive sleep apnea (OSA) patients, the genioglossus and other upper airway muscles exhibit prominent tonic and phasic inspiratory activity, the function of which is to maintain the airway patent despite anatomic conditions that make the pharyngeal airway of these patients vulnerable to collapse (38, 60) . Upper airway motor tone in OSA patients is high in wakefulness, decreases during slow-wave sleep, and nearly disappears during rapid eye movement (REM) sleep (16, 21, 39, 48, 53) . The neurochemical mechanisms that determine the state-dependent changes in upper airway motor tone are the subject of intense basic and clinical research motivated by prospects of uncovering a pharmacological treatment for OSA and other sleep-related respiratory disorders (19, 24, 34) . To date, serotonin and norepinephrine have been identified as major stimulatory modulators that maintain activity in XII motoneurons during wakefulness but are withdrawn during sleep (8, 12, 25, 28, 62) . Acetylcholine, a transmitter that is released, at least in part, from neurons that have high levels of activity in wakefulness and/or REM sleep (10, 36, 59) , also exerts pre-and postsynaptic effects on XII motoneurons (4, 6, 9, 30, 43, 47, 55, 74) . A portion of the cholinergic input to XII motoneurons originates in dorsal pontine cholinergic neurons that have state-dependent activity (52) , but projections of these neurons to the XII nucleus are relatively limited compared with the numbers of pontomedullary serotonergic or noradrenergic neurons projecting to the XII nucleus (37, 51) . In addition to those located in the dorsal pontine tegmentum, many cholinergic neurons are scattered throughout the medullary reticular formation, but the functions, activity patterns, and connectivity of these neurons are unknown. In particular, cells that express markers of cholinergic neurons [choline acetyltransferase (ChAT) or nitric oxide synthase (NOS)] are distributed within the IRt region in a pattern reminiscent of that of XII premotor neurons (1, 18, 64) . Indeed, some ChAT-or NOS-immunoreactive neurons of the medullary reticular formation, including the IRt region, were previously shown to project to the trigeminal, facial, or XII motor nuclei (13, 14, 61) . However, their localization relative to other premotor neurons and their other neurochemical markers have been little investigated. Using single-cell reverse transcriptionpolymerase chain reaction (RT-PCR) and then following up with ChAT immunohistochemistry, we found that half of the caudal IRt XII premotor neurons expressed mRNA for ChAT, that many also expressed mRNA for type 2 muscarinic (M2) receptors, and that Ͼ30% of ChAT-immunopositive caudal IRt neurons were retrogradely labeled from the XII nucleus. A preliminary report has been published (67) . injection into the XII nucleus] and three adult male Sprague-Dawley rats (body wt 310 -385 g) obtained from Charles River Laboratories (Wilmington, DE). Juvenile rats were used for single-cell mRNA profiling because cells from young rats survive dissociation procedures better than those from fully mature animals. Data indicate that most ingestive, respiratory, and sleep-wake behaviors reach maturity in rats older than 25 days (29) . After tracer injections, the animals were housed individually under a 12:12-h light (0700 -1900)-dark cycle and received standard rodent chow and water ad libitum. All surgical and animal handling procedures were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania and followed the guidelines of the American Physiological Society for the care and use of animals in research.
Tracer injections, cell dissociation, and RT-PCR procedures. Fluorescein isothiocyanate (FITC)-labeled latex microspheres (LumaFluor, Naples, FL; 20 -50 nl) were microinjected into the XII nucleus of pentobarbital-anesthetized Sprague-Dawley rats (Fig. 1A) . After 5-8 days, the animals were killed by decapitation under deep isoflurane anesthesia (4 -5%) and the medulla was extracted and placed in ice-cold buffer containing (in mM) 135 NaCl, 5 KCl, 1 CaCl 2, 1 MgCl2, 10 HEPES, 10 glucose, and 20 mannitol, pH 7.4 adjusted with NaOH, osmolarity 300 Ϯ 5 (SE) mosM (72) . One or two 400-m-thick coronal slices were obtained from the level of the area postrema with a tissue slicer (VSLM1; Lafayette, IN). They were digested with papain (catalog no. LS003119, Worthington, Lakewood, NJ; 25-30 U/ml, 15-20 min), after which 700-m mi- cropunches were cut out from the IRt regions of both sides and cells from individual punches were mechanically dispersed and plated in separate, custom-made culture dishes, as described previously (66) . The slices from which the punches were extracted were fixed in formalin, cut into 25-m sections, and mounted to verify the anteroposterior level of the slice, the location of the punches, and FITC bead injection sites (Fig. 1, A and B) . Dispersed cells containing FITC-labeled beads were identified with an inverted phase-contrast microscope equipped with a fluorescent light source and FITC filters (IMT2, Olympus) (Fig. 1, C-E) . Individual cells, both labeled and unlabeled, were aspirated into glass pipettes and then transferred to PCR tubes. The samples were then subjected to reverse transcription (RT) with SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) in a total buffer volume of 20 l as described previously (73) . The resulting cDNA aliquots (3-5 l) were then used in separate two-round, nested or seminested PCRs with different sets of primers listed in Table 1 . Seminested PCRs with 3-l aliquots of the RT product and Titanium Taq DNA polymerase (Clontech, Mountain View, CA) were performed to amplify cDNAs for ChAT, ␣4-subunit of nicotinic receptor (N␣4), and neuron-specific enolase (NSE), as described previously (69) . To test for the presence of mRNAs for all muscarinic (M) receptor subtypes in each cell, degenerate nested primers were used. First-round PCRs were performed with two sets of degenerate primers (20 nM) targeting the homologous regions of M1-3 or M4 -5 receptors with separate 5-l aliquots of the RT product. The first-round product was then used as a template to amplify cDNAs for distinct M receptor subtypes in separate second-round PCRs with specific primers (200 nM). The first round of amplification (35-37 cycles) was performed with a conventional thermal cycler (PCR Sprint; Thermo Hybaid, Ashford, UK) and the second with a real-time cycler (LightCycler; Roche Diagnostics, Indianapolis, IN). The primers were designed with Vector NTI software (Invitrogen). The criteria for primer specificity, reaction quality control, and interpretation of negative PCRs and the strategy to optimize PCR conditions were described previously (66) . Cell samples that yielded negative results with all primer sets of interest were tested for NSE. If that reaction was also negative, the sample was disregarded (11 of 77 cells collected tested negative for all primers, including NSE).
The position and size of the melting curve peaks provided an initial assessment as to whether the expected cDNA was generated in the second round of PCR. Some PCR products were then cooled and displayed on GelRed-stained 2% agarose gels to further verify that they were of the expected size. To control for false-positive PCRs caused by amplification of genomic DNA, in one previous study (69) we tested non-reverse-transcribed single-neuron samples from 15 cells from 12 rats, and in each of another two studies (65, 68) we tested at least 8 single-cell samples. None of those samples was ever positive. In this study, we tested three non-reverse-transcribed singlecell samples from three rats with all primers, and none was positive. To control for contamination of the culture medium or reagents with target mRNAs or cDNAs, one sample of the fluid from above the plated cells was collected at the end of each experiment and submitted to the same RT-PCR procedures as single-cell samples. None of those reactions was positive.
ChAT immunohistochemistry on retrogradely labeled XII premotor neurons. Three adult rats were anesthetized with isoflurane (3%) followed by Nembutal (60 mg/kg ip). The head was placed in a stereotaxic holder, and the skin, muscles, and membranes overlying the fourth ventricle were cut along the midline and retracted laterally. A glass pipette (A-M Systems, Carlsborg, WA; tip diameter 20 -25 m) filled with Fluoro-Gold (FG; Fluorochrome, Denver, CO) or cholera toxin B subunit (CTb, List Biological Laboratories, Campbell, CA) was inserted into the XII nucleus at the level 0.15 mm rostral to the caudal end of the calamus scriptorius and 0.2 mm lateral to the midline. One animal received unilateral FG injection (1%, 5 nl), and the other two received CTb injections (1%, 5-10 nl). The tracers were injected over 10 -20 s by applying pressure to the fluid in the pipette while monitoring the movement of meniscus through a calibrated microscope. The micropipette was left in place for 5-10 min and then slowly withdrawn. The muscles and skin overlying the operated area were sutured in layers. Five to seven days after tracer injections, the rats were deeply anesthetized with Nembutal (100 mg/kg ip) and transcardially perfused with phosphate-buffered saline (PBS) with heparin (1,000 U/ml) and 0.003% lidocaine, followed by 4% paraformaldehyde in PBS. The brains were removed, postfixed in the same solution for 48 h at 4°C, cryoprotected in 30% sucrose-PBS, and sectioned on a cryostat (CM1850; Leica, Bannockburn, IL) into three series of 35-m coronal sections.
In the experiment with FG injection, one series was mounted on gelatin-coated glass slides, dried, dehydrated, and coverslipped, and another was subjected to immunohistochemistry to visualize ChAT. For the latter, sections were incubated for 24 h at 4°C in goat anti-ChAT antibodies (1:3,000, catalog no. AB144P, lot no. LV1375874; Millipore, Temecula, CA) in PBS containing 0.2% Triton X-100 and 5% horse serum, then for 2 h in biotinylated anti-goat antibodies at room temperature, and then for 1.5 h in 5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF)-conjugated streptavidin (1:1,000; Jackson Laboratories, West Grove, PA). In the experiments with CTb injections, the series of sections designated for double labeling were first processed to visualize CTb and then subjected to ChAT immunohistochemistry. For CTb immunohistochemistry, sections were incubated for 24 h at 4°C in goat choleragenoid (␤-subunit of cholera toxin-CTb) antiserum (1:20,000, catalog no. 703, lot no. 70732A2; List Biological Labs) in PBS containing 0.2% Triton X-100 and 5% donkey serum. They were subsequently incubated for 2 h in Cy3-labeled donkey anti-goat antibodies (1:200; Jackson Laboratories). They were then processed for ChAT immunohistochemistry as described above but with rabbit anti-ChAT antibodies (1:200, catalog no. AB143, lot no. LV1462024; Millipore) in donkey serum followed by Fig. 2 . Percentages of IRt cells expressing mRNA for choline acetyltransferase (ChAT) and different cholinergic receptors among the 37 cells retrogradely labeled from the XII nucleus (XII premotor) and 29 nonretrogradely labeled from the XII nucleus neurons dissociated from the medullary IRt region. Each cell was tested for the presence of all 7 mRNA species. Over half (57%) of XII premotor neurons expressed ChAT mRNA, whereas only 14% of nonretrogradely labeled IRt cells expressed this message (P Ͻ 0.0008). The percentage of XII premotor neurons expressing type 2 muscarinic receptor mRNA (M2; 35%) was also higher than for nonretrogradely labeled IRt cells (10%; P Ͻ 0.04). The percentages of cells expressing other muscarinic receptor mRNAs (M1, M3, M4, and M5) were relatively low and not significantly different between XII premotor neurons and nonretrogradely labeled IRt cells. Over 60% of IRt cells expressed mRNA for the ␣4 nicotinic receptor subunit (N␣4), a dominant nicotinic subunit in the brain stem (17, 36) , but the percentages were not different between XII premotor neurons and nonretrogradely labeled IRt cells. Error bars represent SE of the estimated proportions, as determined by the size of each population and the assumption of a random bimodal distribution (Analyse-It Software, Leeds, UK). incubation in biotinylated anti-rabbit antibodies (1:200; Jackson Laboratories) for 1 h and then in DTAF-conjugated streptavidin.
Double-labeled sections from the antero-posterior levels from Ϫ14.6 to Ϫ11.0 mm caudal to bregma that matched the standard levels shown in a rat brain atlas (44) (11 sections from 11 different levels per rat) were examined for the presence of the retrograde tracer and/or ChAT immunoreactivity in the IRt region and its rostral extension with a Leica DMLB microscope and appropriate filter sets (FG, Cy3, FITC). Cells were regarded as retrogradely labeled when they contained FG or CTb grains within a clearly identifiable cell body, the nucleus was visible, and the grains were not visible under filters other than the one appropriate for the tracer. ChAT-positive cells were identified by uniform distribution of immunofluorescence (DTAF) within the cell body and proximal dendrites.
Every section analyzed was redrawn under low magnification and then reviewed under high magnification for ChAT-positive and retrogradely labeled cells; the locations of those found in the IRt region were marked on the drawing of the section. The maps of cell distributions obtained from the three rats were then transferred onto the matching standard medullary cross sections from a rat brain atlas (44) . Photographs were taken with a digital camera (PDMC-2; Polaroid, Cambridge, MA) and then enhanced with Photoshop software (version 5.0; Adobe, San Jose, CA). The processing was limited to adjustments of the color balance and contrast in order to best represent the image seen under direct microscopic observation.
Statistical analysis. The variability of the means is characterized by the standard error (SE). Statistical comparisons of the proportions of cells expressing different mRNAs were conducted with a two-tailed Fisher exact test (Analyse-It Software, Leeds, UK). Labeled cell densities in different regions were compared with paired Student's t-tests. Differences were regarded as significant at P Ͻ 0.05.
RESULTS

ChAT and cholinergic receptor mRNAs are expressed in XII premotor neurons and other medullary IRt region neurons.
FITC-labeled latex beads were injected into the XII nucleus of seven rats, with most injections placed in the ventral part of the nucleus at the level of the area postrema (Fig. 1A) . Unlike water-soluble tracers, latex beads do not diffuse away from the injection site, and they emit a strong fluorescent signal that can be unmistakably recognized in cells in situ and after their dissociation. Examination of tissue sections from all seven 400-m-thick medullary slices from which IRt region micropunches were extracted revealed that five slices were obtained from the antero-posterior levels between Ϫ13.68 and Ϫ12.80 mm from bregma, one from ϳ400 m caudal, and one from ϳ400 m rostral to that range. Figure 1B shows cells, retrogradely labeled with latex beads, located just medial to a tissue punch, and Fig. 1, C-E , show a bead-containing IRt cell after its dissociation.
Thirty-seven IRt cells retrogradely labeled from the XII nucleus and twenty-nine unlabeled cells were found to be positive for at least one transcript after RT-PCRs with primers for ChAT, five muscarinic receptor subtypes, N␣ 4 , and/or NSE. Over one-half of retrogradely labeled cells (21/37) expressed mRNA for ChAT, and one-third (13/37) also had type 2 muscarinic (M2) receptor mRNA. In contrast, among the IRt neurons that were not retrogradely labeled, only 4 of 29 expressed ChAT mRNA; this was significantly less than for the retrogradely labeled group (P Ͻ 0.0008). M2 receptor mRNA was also less commonly expressed in unlabeled neurons than in the retrogradely labeled group (in 3 of 29 cells, P Ͻ 0.04) (Fig. 2) . Among the retrogradely labeled cells that expressed ChAT mRNA, seven were positive for M2 receptor mRNA (33%); this proportion was not different from that for M2 receptor mRNA-expressing XII premotor cells that were ChAT negative. The percentages of cells expressing other cholinergic receptor mRNAs (M1, M3, M4, M5, and N␣ 4 ) did not differ between IRt XII premotor and unlabeled IRt cells (Fig. 2) . Although most retrogradely labeled IRt cells (33 of 37) were dissociated from a punch taken contralaterally to the tracer injection site (to maximize the distance between the site of tracer injection and the region from which cells were sampled), ChAT mRNA also was detected in three of the four retrogradely labeled cells that were obtained from a punch taken from the IRt region on the side of tracer injection, and two of these cells coexpressed M2 receptor mRNA.
ChAT immunoreactivity in IRt XII premotor neurons. In agreement with previous studies (1, 18) , many ChAT-positive cells were present in the IRt region spanning from the ventrolateral border of the XII nucleus to the nucleus ambiguus and in the reticular formation rostral to this region. In agreement with the study of Travers et al. (61), we found that many of these were retrogradely labeled from the XII nucleus. Figure 3A shows the injection site in one of the three rats used in this part of the study, and Fig. 3, D and E, show an IRt neuron that was both retrogradely labeled from the XII nucleus of the opposite side and ChAT positive.
In the three rats, we found a total of 710, 1,434, and 1,728 neurons retrogradely labeled from the XII nucleus in the IRt regions ipsi-and contralateral to the injection site at the 11 antero-posterior levels analyzed (the lowest number being from the experiment with FG). XII premotor neurons were located bilaterally, with only a modest ipsilateral predominance that yielded an ipsi-to contralateral premotor neurons ratio of 1.03-1.35. Circles and stars in Fig. 4 show an approximate distribution of XII premotor cells in one experiment with CTb. The longitudinal distribution of XII premotor cells across all antero-posterior levels analyzed is then shown for each of the three animals in Fig. 5A . Most of the XII premotor cells located within the IRt and its rostral extension were found between levels Ϫ14.1 and Ϫ11.6 mm from bregma (44) .
In the same sets of brain sections, we found a total of 128, 170, and 206 ChAT-positive cells in the IRt of both sides (Fig.  4, triangles) . The density of their longitudinal distribution over the antero-posterior levels analyzed was relatively even, with a small tendency for a decrease around Ϫ13 mm from bregma and a more pronounced decline at levels rostral to Ϫ11.8 mm (Fig. 5) .
Whereas the numbers of both XII premotor and ChATpositive cells were relatively constant at the antero-posterior levels from Ϫ14.6 to Ϫ11.6 mm from bregma, the distribution of double-labeled cells was not constant across this range. The percentage of ChAT-positive cells retrogradely labeled from the XII nucleus relative to all XII premotor neurons was on average 4.0% Ϯ 0.7, but it was very low at the levels rostral to Ϫ13.3 mm from bregma and gradually increased at more caudal levels (Fig. 4, stars and Fig. 5C ). The difference between the percentage of ChAT-positive cells found caudal and rostral to the level Ϫ13.3 mm from bregma was significant (6.5% Ϯ 1.4 vs. 1.8% Ϯ 0.6; P Ͻ 0.
01, t-test).
Similarly, when the percentage of double-labeled cells was determined relative to all ChAT-positive neurons, the percentage of those that were retrogradely labeled from the XII nucleus was higher at caudal than rostral levels (Fig. 5D) . The mean percentage of double-labeled cells versus all ChAT-positive neurons at, and caudal to, Ϫ12.8 mm from bregma was 33.4% Ϯ 2.5, but it was only 9.5% Ϯ 4.6 at more rostral levels (P Ͻ 0.001). Thus axonal projections to ϩ neurons that were not retrogradely labeled from the XII nucleus (one cell per symbol); ଙ, all cells retrogradely labeled from the XII nucleus that were ChAT ϩ (one cell per symbol). Cell locations were superimposed onto standard medullary sections taken from a rat brain atlas (44) . Most cholinergic XII premotor neurons were located within the caudal part of the IRt region. Amb, nucleus ambiguus; g7, genu of the facial nerve; VII, facial nucleus; XII, hypoglossal nucleus.
the XII nucleus were most common for the caudally located ChAT-positive IRt neurons.
DISCUSSION
We found that a high percentage of cholinergic neurons located in the caudal medullary IRt region have axonal projections to the XII motor nucleus. Although relative to the total number of IRt XII premotor neurons those immunoreactive for ChAT represented a minority, ChAT mRNA was present in over half of IRt neurons retrogradely labeled from the XII nucleus. We also found that many XII premotor neurons expressed mRNA for M2 receptors, a cholinergic receptor subtype that is often expressed at presynaptic terminals and acts to inhibit the release of the transmitter(s) used by the parent neuron. Together, these findings show that cells of the IRt region may be an important source of previously described pre-and postsynaptic cholinergic effects in XII motoneurons.
Cholinergic and cholinoceptive nature of projections from the IRt region to the XII nucleus. The medullary reticular formation has been shown previously to contain cholinergic neurons with axonal projections to the facial, trigeminal, and XII motor nuclei (13, 14, 61) , but the incidence of such projections appeared to be relatively small. The cells retrogradely labeled from these nuclei were scattered widely, making it difficult to appreciate the potential importance of these projections.
Our estimate of the incidence of ChAT mRNA in caudal IRt XII premotor neurons suggests that ϳ50% of them can be cholinergic. This is higher than the previous estimate that ChAT-immunopositive XII premotor neurons represent 4 -6% of all lateral medullary neurons projecting to the XII nucleus (61) . The difference may be due, in part, to the higher sensitivity of RT-PCR than immunohistochemistry. Indeed, in the immunohistochemical part of our study, we found that an average of 4% of IRt XII premotor cells were ChAT positive. However, we also found that this percentage was unevenly distributed rostro-caudally; it was over three times higher at the caudal levels than at the rostral levels. In addition, at least 30% of ChAT-immunopositive neurons located in the caudal half of the IRt region had projections to the XII nucleus. By comparison, only a few cholinergic cells of the thousands located in the dorsal pontine tegmentum had axonal projections to the XII nucleus (52) . Thus the caudal IRt region may represent a major source of cholinergic afferents to the XII nucleus. The cholinergic XII premotor neurons, albeit less numerous than glutamatergic neurons, which were estimated to represent Ͼ60% of the IRt XII premotor population (61) , may represent the second largest neurochemically distinct input to the XII nucleus from the caudal medullary IRt region.
Radiolabeled quinuclidinyl benzilate, a ligand for all muscarinic receptors, exhibits prominent binding in the IRt region, suggesting that many IRt neuron cell bodies express functional muscarinic receptors (70) . A novel finding of our study is that caudal IRt cells with projections to the XII nucleus have a significantly higher probability of expressing M2 receptor mRNA than IRt cells that were not retrogradely labeled from the XII nucleus. In agreement with earlier in situ hybridization results (Ref. 35 ; see Ref. 26 for a review), we also found other muscarinic receptor mRNAs in IRt neurons, but only the M2 subtype was significantly enriched in the XII premotor population. Similarly, mRNA for the N␣ 4 , a dominant subunit of cholinergic nicotinic receptors in the brain stem (20, 46) , was expressed with comparable probability in the IRt neurons that were and were not retrogradely labeled from the XII nucleus. Thus, while our mRNA results show a potential for multiple types of muscarinic and nicotinic receptors to be expressed in IRt neurons, only the M2 subtype tends to be preferentially expressed in XII premotor neurons.
Muscarinic M2 receptors are often located on terminals of cholinergic and other neurons, where they presynaptically inhibit transmitter release (2, 32, 50, 63) , but there is also evidence for their postsynaptic action as autoreceptors in cholinergic neurons (63) and as heteroreceptors in orofacial motoneurons (e.g., Ref. 15) . While mRNA findings alone do not allow one to predict where and how M2 receptors may function in XII premotor neurons, we found M2 receptor mRNA in both ChAT mRNA-positive and ChAT mRNA-negative neurons. IRt neurons may have both pre-and postsynaptic M2 receptors, but the relative distribution of these distinct receptor sites among the glutamatergic, cholinergic, and other XII premotor neurons remains to be determined.
Potential functional significance of ChAT and M2 receptors in XII premotor neurons of IRt region. It has been suggested that XII premotor neurons of the IRt region control tongue movements in a wide range of behaviors (41, 61) , but their best-documented role is to mediate inspiratory drive to XII motoneurons (22, 40, 45, 71) . Importantly, a recent study has shown that the caudal XII premotor neurons of the IRt region are involved in this function, whereas those located more rostrally may mediate reflexes from upper airway receptors (7). Since our data suggest that cholinergic XII premotor neurons are particularly numerous in the caudal IRt region, it would be of interest to determine whether a portion of inspiratory drive to XII motoneurons is mediated by cholinergic neurons. If this is so, such effects could be mediated by nicotinic cholinergic receptors that are expressed in XII motoneurons (6, 9, 49, 56, 57, 74) , as well as postsynaptic M2 muscarinic receptors (5, 15, 30, 56, 70) . In anesthetized rats, microdialysis delivery of nicotinic receptor agonists to the XII nucleus region increased XII motoneuronal activity, whereas muscarinic receptor agonists elicited suppressant effects (31) . However, these results could be confounded by the use of 1-mm-long microdialysis probes that extended beyond the XII nucleus and could deliver drugs directly to the IRt region. In a neonatal medullary rhythmic slice preparation, a component of cholinergic activation of XII motoneurons was mediated by muscarinic receptors located within the XII nucleus (54, 56) .
Both muscarinic M2 and nicotinic receptors can presynaptically inhibit excitatory glutamatergic inputs to XII motoneurons (4, 47) and, at least in neonatal rats, also suppress inhibitory transmission (43) . Since many glutamatergic and adjacently located cholinergic XII premotor neurons of the caudal IRt region project to the XII nucleus, it is possible that the two neuronal populations interact, with interactions occurring at the level of both their cell bodies and their terminals within the XII nucleus. One role of such an interaction could be to control the magnitude of inspiratory drive to XII motoneurons.
In healthy humans and normocapnic rodents, respiratory modulation of XII motoneurons is minimal or absent (21, 33) , but it may become greatly enhanced as a result of a disease or experimental conditions. For example, both the tonic and phasic inspiratory components of upper airway motor tone are significantly higher during wakefulness in OSA patients than in healthy persons (16, 21, 38, 60) . This represents an adaptation to compromised upper airway anatomy that allows OSA patients to generate adequate ventilation when awake. Vagotomy is a frequently used experimental manipulation that greatly increases inspiratory modulation of XII motoneurons (e.g., Ref. 3 ; reviewed in Ref. 23 ). The mechanisms and central pathways underlying these two forms of enhancement of inspiratory drive are unknown, but they are likely to be mediated by inspiratory-modulated neurons of the caudal IRt region (6, 22, 40, 45, 71) . Both of these conditions may result entirely from an increased activation in pathways upstream from IRt XII premotor neurons or may involve altered interactions between glutamatergic and cholinergic XII premotor neurons of the IRt region. Testing whether the increase of the wakefulness drive to upper airway motoneurons in OSA patients involves either glutamatergic or cholinergic IRt XII premotor neurons may be technically challenging, but it should be feasible to determine whether the vagotomy-induced enhancement of respiratory modulation of XII motoneurons is mediated by cholinergic and/or glutamatergic IRt premotor neurons.
In relation to the control of upper airway motor tone across the sleep-wake cycle, it is of note that the number of medullary cholinergic neurons surviving neurotoxic lesions was positively correlated with the amount of REM sleep (17) , suggesting that these neurons have increased activity during REM sleep. Other than that, it is not known whether medullary cholinergic neurons exhibit increased activity during either REM sleep or wakefulness, as is typical of pontine cholinergic neurons (reviewed in Ref. 26) . What is known is that many inspiratory-modulated IRt neurons have increased activity during REM sleep (42) and pharmacologically induced REM sleep-like state (27, 71) . If some of these neurons are cholinergic, this could elicit a wide range of effects in XII motoneurons, including presynaptic suppression of either glutamatergic excitation (4) or active inhibition (43) , postsynaptic cholinergic activation (5, 6, 74) , or a shift in the relative contribution of glutamatergic and cholinergic drives in XII motoneurons.
Perspectives
Many caudal medullary IRt region XII premotor neurons may use acetylcholine as their transmitter, and many may also express muscarinic M2 receptors. M2 receptors are often presynaptic and may function in XII premotor neurons as inhibitory modulators of transmitters released from their terminals. Notably, the XII premotor neurons that express cholinergic markers are mainly located in the caudal part of the IRt region known to be the main source of inspiratory drive to XII motoneurons. In OSA patients, inspiratory activation of the muscles innervated by XII motoneurons is enhanced during wakefulness; this protects the upper airway from collapse. Considering that some caudal IRt XII premotor neurons may be activated during REM sleep, or both wakefulness and REM sleep, acetylcholine-containing IRt neurons may modulate transmission of inspiratory drive to XII motoneurons in a state-dependent manner.
